Constraining the timing of initial collision is critical for understanding how long-term plate convergence is accommodated at collisional plate boundaries. Reevaluation of the age of collision from orogenic thermal evolution requires distinguishing the onset of submarine continental accretion from earlier oceanic subduction and subsequent subaerial orogenic evolution. We present new thermochronological constraints from the first age-elevation relationship transect in Taiwan and zircon and apatite fission-track ages from sediments in the western foreland. Our data reveal the onset of cooling from at least 7.1 ± 1.3 Ma, at a minimum rate of 21 °C/m.y., in the submarine sedimentary wedge followed by a marked acceleration of subaerial exhumation after ca. 3.2 ± 0.6 Ma at an average rate of 1.7 km/m.y. Our data reflect the effect of margin architecture as Taiwan evolved from submarine accretion of the distal extremely thinned continental margin to crustal thickening of the proximal margin and orogenic development.
INTRODUCTION
Dating the onset of collision and subsequent stages of crustal thickening provides first-order constraints for assessing how plate convergence is accommodated to form mountain belts. The initiation of accretion of continental crust starts with the arrival of passive margins at the subduction zone and hence reflects margin architecture. Increasing evidence suggests that passive margins are constituted of ~200-km-wide areas of extremely thinned continental crust rather than narrow transition zones (e.g., Reston, 2009) . Orogenic development should thus include an initial stage of submarine collision before growing into subaerial mountain belts. However, such early collisional stages have seldom been described in the literature due to the difficulty of distinguishing the initial stages from the subsequent orogenic evolution.
The Taiwan orogen results from oblique plate convergence between the Philippine Sea plate and Eurasian margin (Suppe, 1981) . This tectonic setting suggests the collision initiated first in the north and propagated southward, in agreement with the present observation of the transition from oceanic subduction to accretion of the hyperextended Eurasian continental crust under water ~150-200 km south of the southern tip of Taiwan (McIntosh et al., 2013; Fig. 1A) .
Despite the analogy with the offshore collisional processes, the record of early continental crust involvement on land in Taiwan is poorly documented. Onset of orogenic loading-related plate flexure dated at ca. 6.5 Ma in the western Taiwan foreland (Lin et al., 2003) suggests that col- lision was ongoing at that time. In order to resolve the earliest stages of submarine collision, we extracted the first thermochronological age-elevation relationship in Taiwan from samples collected in the southern Central Range. The vertical profile was combined with thermochronologic analyses of Pliocene-Pleistocene detrital pro-foreland deposits, which recorded exhumation of the Central Range. Both approaches document cooling and unroofing history of the Central Range from initial accretion in the sedimentary wedge to the last stages of crustal thickening. Our results lead to a reevaluation of the timing of the first collision-related thermal perturbation affecting the rifted South China Sea (SCS) margin and subsequent orogenic growth.
GEOLOGICAL BACKGROUND AND COOLING AGE CONSTRAINTS
Deformation and accumulation of continentally derived sediments have continuously been taking place in the subduction accretionary wedge since the start of SCS subduction (ca. 15 Ma; e.g., Huang et al., 2006) . Collision in Taiwan started with the arrival of Eurasian continental crust in the Manila Trench. Following the accretion of highly extended passive margin crust, the arrival of thicker continental crust onshore in northern Taiwan coincided with the closure of the forearc basin and accretion of the northernmost Luzon volcanic arc of the Philippine Sea plate (Figs. 1A and 1B) . The Central Range results from the stacking of pre-rift and synrift Eocene to postrift Miocene SCS margin sediments, and its Eurasian Paleozoic-Mesozoic basement. The Western Foothills represent the western fold-and-thrust belt, composed of west-propagating thrust slices of preorogenic and synorogenic foreland sediments. The active suture between the two plates is represented by the Longitudinal Valley, along which the Lichi mélange crops out (Fig. 1B) .
Apatite fission-track (AFT) ages show that the Central Range was exhumed over the past 1-2 m.y. at rates of 4-6 km/m.y. (Willett et al., 2003) . Relatively recent exhumation and exposure of the metamorphic core are indicated by orogenic zircon fission-track (ZFT) cooling ages (Kirstein et al., 2010) and the first occurrence of metamorphic clasts (Dorsey, 1988) in the 2 Ma or younger deposits of the eastern retro-foredeep basin. Liu et al. (2001) described slightly older ZFT age populations of 6-5 Ma in the northwestern and southern parts of the Central Range and interpreted them as reset ages, consistent with cooling from temperatures in excess of 260 °C. In southern Taiwan, where exhumation is considered the most recent, Willett et al. (2003) interpreted AFT ages of 5.5-1.2 Ma and ZFT ages older than 3 Ma as not related to the collisional history, despite being younger than the depositional age. By contrast, Lee et al. (2006) interpreted ZFT ages of 5.3-3.6 Ma from the same Miocene slates of the southern Central Range as fully reset, and concluded that collision dates to ca. 6 Ma, although no consistent thermochronological model was proposed to reproduce these data.
METHODS

General Approach
In this study we use fission-track dating, which provides information on the time-temperature history of rocks that have cooled in the shallow (<10 km) crust (see the GSA Data Repository 1 for analytical procedures and data treatment). Our aim is to constrain the cooling history of the orogenic wedge since (1) the first stages of collisional accretion of the thin continental crust, and (2) its later evolution as the wedge became subaerial and thicker continental crust was involved. To address this, we applied the vertically distributed samples approach (e.g., Reiners and Brandon, 2006) within the Eocene-Miocene series in the Central Range, to retrace the cooling history of this series since they were accreted in the orogenic wedge to the more recent tectonic events creating present-day topography. We sampled Pliocene-Pleistocene shallow-marine to fluvial sediments derived from the Taiwan orogen, now deformed and exposed in the southern Western Foothills fold-thrust belt. The sampled stratigraphic sections include synorogenic deposits that record a major Pleistocene tectonicerosive event, as indicated by a coarsening upward and a major increase in sedimentation rate (Chang and Chi, 1983) . These sediments provide a record of subaerial unroofing along the western side of the Central Range.
Vertical Profile Sampling and Modeling
We collected 12 samples of very low grade metamorphic Eocene and Miocene sandstone for ZFT analyses. Sampling sites range in elevation from 465 m to 3097 m and include Peitawu Shan, the highest point of southern Taiwan (Figs. 1C and 2A) . The geological structure of the study area indicates that sampled sandstones are tightly folded with penetrative cleavages but with no major faults or shear zones (Figs. 1B and 2D ). For samples with over-dispersed age distributions and one age population younger than the depositional age (Table DR2 ; see footnote 1), we used the young peak age approach, where only the youngest age peak is considered to record the last thermal event (Brandon et al., 1998; Garver et al., 2005) . Young peak ages indicate resetting of the least retentive population of zircons at 180-200 °C (Garver et al., 2005) and have been widely used in Taiwan (e.g., Liu et al., 2001; Willett et al., 2003) . Full annealing of all zircons requires temperatures above 260 °C (Liu et al., 2001) .
To derive geothermal gradients and exhumation rates, our ZFT vertical profile results were modeled using the analytical solution of Willett and Brandon (2013) that accounts for advection of heat and the dependence of closure temperature on cooling rates. We then entered the inverted values into a forward HeFTy model (Ketcham, 2005) to independently test the fit of the data (for modeling details, see the Data Repository).
Western Foreland Samples
Seven samples were collected for AFT and ZFT analyses from Pliocene-Pleistocene wedge-top foreland basin deposits between the Western Foothills and the Central Range (Fig. 1B) . The Linkou and Liukuei con- glomeratic formations are the youngest studied sediments, with depositional ages younger than 2 Ma (base of nannofossil biozone NN19; Chi, 1979;  Fig. 3) . The conglomerates are separated by an angular unconformity from the underlying shallow-marine Nanshihlun Sandstone, dated to ca. 4 Ma (nannofossil biozone NN15; Chi, 1979;  Fig. 3 ), representing the oldest sampled strata. We collected nonmetamorphic to very low grade metamorphic sandstone cobbles in two localities interpreted to represent lateral equivalents of the same coarsening-upward succession of a fluvialdominated fan fed by the paleo-Laonung River catchment (Fig. 1B) . The sampled sandstones represent the preorogenic Miocene to Paleogene preerosional cover of the Central Range.
RESULTS
ZFT analyses from the topographic profile have minimum ages ranging from 2.8 ± 0.6 Ma to 7.1 ± 1.3 Ma for samples to the east of the drainage divide, and display a well-defined age-elevation relationship with a break in slope at ~1500 m ( Fig. 2A) . Samples above the break in slope have minimum ZFT ages that consistently increase with elevation to 7.1 ± 1.3 Ma. Samples below the break in slope have ages that remain invariant with altitude with an average age of ca. 3.2 ± 0.6 Ma. An additional sample west of the divide has an age of 13.2 Ma (Fig. 1C) that does not correlate with the age-elevation relationship defined east of the divide, but is consistent with the spread of older (older than 20 Ma), unreset or partially reset zircons within the stratigraphically younger Miocene Lushan Formation (e.g., Lee et al., 2006) (Fig. 1B) .
Inversion of the upper part of the profile (ages between 7.1 ± 1.3 Ma and 3.6 ± 0.7 Ma) provides apparent exhumation rates of 0.4-1.16 km/m.y. (0.8 km/m.y. on average) with geothermal gradients of 36-46 °C/km (Fig. 2C) , equivalent to cooling rates of 21 °C/m.y. to 37 °C/m.y. For the lower part of the profile the inversion requires exhumation rates of 1.2-2.2 km/m.y. (1.7 km/m.y. on average) with geothermal gradients of 60-70 °C/km (Fig. 2B) , equivalent to cooling rates of 102-119 °C/m.y.
ZFT dating of ~600 detrital zircon grains from the western foreland shows ages older than the depositional age, indicating no significant postdepositional resetting. The 2 Ma conglomerates display slightly different age components ( Fig. 3; Table DR3 ); the youngest populations, 4.7 ± 0.7 Ma and 6.3 ± 0.8 Ma, are those of the Linkou and Liukuei conglomerates, respectively. These ages are the first record of mountain building in the western foreland and are similar to the ZFT ages from the upper part of the vertical profile. Older populations of 47.5 ± 6.2 and 66 ± 8.2 Ma represent pre-orogenic zircons. ZFT analyses in the 4 Ma Nanshihlun Sandstone yielded the same pre-orogenic age population of 59 ± 8.3 Ma and a distinctive older age peak of 136.8 ± 21.6 Ma. AFT dating of ~70 apatites in the Linkou and Liukuei samples confirms the appearance of young grains in the 2 Ma deposits with a young peak population of 4.7 ± 0.5 Ma ( Fig.  DR1 ; Table DR4 ).
DISCUSSION AND CONCLUSIONS
Our data document an initial phase of cooling from at least ca. 7.1 Ma to ca. 3.2 Ma, as recorded in the vertical profile ( Fig. 2A) and in the sediments younger than 2 Ma (Fig. 3) , followed by a drastic increase in average exhumation rates ca. 3.2 Ma (Fig. 2B) . Older ZFT populations (older than 20 Ma) in both sets of samples (Tables DR2 and DR3 ) record the predepositional Jurassic-Cretaceous tectono-magmatic events in the Chinese margin source areas (e.g., Kirstein et al., 2010) . Early orogenic zircon populations start appearing in the southern pro-foreland basin from ca. 2 Ma, similar to the post-2 Ma retro-foredeep sediments yielding distinctive zircon populations from 7.9 to 4.9 Ma (Kirstein et al., 2010) .
Conversely to the retro-foredeep record, our 2 Ma western foreland sediments do not contain ca. 3 Ma ZFT ages. These observations suggest that the ca. 3.2 Ma phase exhumed principally the retrowedge, whereas the early cooling phase from at least 7.1 Ma onward appears to have affected the entire Central Range equally. This late phase is possibly responsible for the rapid exhumation of the metamorphic core.
An early cooling phase contrasts with interpretations that suggest that ZFT ages older than 3 Ma are not related to the collision evolution (Fuller et al., 2006; Willett et al., 2003) . Because the Taiwan wedge emerged ca. 5 Ma (Teng, 1990) , it may seem difficult to conceive collision-related cooling in a submarine accretionary prism, as we usually associate cooling with subaerial exhumation of rocks. Processes other than erosion may explain such apparent contradiction, namely, underwater extensional unroofing and/or cooling from below by the lower underthrusting plate characteristic of subduction zones.
The latter appears to be the most likely and dominant process, given the analogy with the ongoing continental underthrusting observed offshore southern Taiwan (McIntosh et al., 2013) . The present-day geothermal gradients offshore Taiwan decrease from the undeformed distal margin and lower slope of the accretionary wedge (70-80 °C/km) to the upper slope of the accretionary wedge (30-40 °C/km) ( Fig. 1A ; Chi and Reed, 2008) . The latter values are remarkably consistent with our inverted gradients of 36-46 °C/km for the early stage of cooling.
Whether 7.1 ± 1.3 Ma marks the onset, or is only the preserved relic, of a longer cooling phase remains arguable; nonetheless, our data are consistent with an initiation of cooling at that time. Our topmost samples have undergone conditions between 58 °C and 74 °C colder than the samples below the break in slope. This implies that while the lower samples were at temperatures in excess of 260 °C, the topmost one was between 186 °C and 202 °C, suggesting that low-retention zircons in this sample recorded the very first effects of underthrusting-related cooling and date the onset at 7.1 ± 1.3 Ma. Figure 2 shows the fit of predicted ZFT age-altitude relationship using inverted values on timing and geothermal gradients with the ageelevation data. We infer that after the break-up stage at 30 Ma, postrift sediments of the Chinese margin recorded a period of isothermal holding, followed by the onset of cooling by 7.1 ± 1.3 Ma and increasing of cooling rates at 3.2 ± 0.6 Ma. We conclude that the studied sediments recorded the earliest stage of continental accretion on top of the underthrusted margin of the SCS (Fig. 4) .
Accelerated exhumation documented at ca. 3.2 ± 0.6 Ma occurred coevally with formation of a ubiquitous angular unconformity (Fig. 3) and increased tectonic subsidence in the foreland (e.g., Lin et al., 2003) . This followed the accretion of the Luzon arc to the orogen, as recorded by the age of the Lichi ophiolitic mélange formation, 3.7-3.5 Ma (Chang et al., 2009 Figure 3 . Depositional age and calcareous nannofossil biozones of the Linkou and Liukuei Formations and Nanshihlun Sandstone (Nan. Fm.; Taiwan) with the position of detrital zircon fissiontrack (ZFT) samples and corresponding ZFT grain age probability-density plot. Observed ZFT grain age probability-density plots (thick gray line) with binomial fitted peaks (thin black line) and distribution histograms are shown (an AFT grain age probability-density plot is in Fig. DR1 ; fissiontrack data are in Tables  DR3 and DR4 [see with higher gradients of ~60 °C/km reconstructed for this period. It agrees remarkably well with currently observed gradients in the Central Range (Chi and Reed, 2008) .
Our results show that the Taiwan collision had started by 7.1 ± 1.3 Ma, with the accretion of the distal margin of the SCS. A stepwise increase in exhumation starting ca. 3.2 ± 0.6 Ma recorded the transition toward shortening of a thicker margin section, which eventually led to major topographic growth and erosion. Our timing for initial collision-related cooling is in agreement with the generally accepted age of late Cenozoic metamorphism as defined by a mineral neoformation age of 8-7 Ma in northern Taiwan plutonic bodies (Lo and Onstott, 1995) . This implies synchronous initial collision along the island, and not the southward-propagation model of the collision as inferred by a straight continental margin.
